Abstract: A slightly-off-axis interferometry based Hilbert phase microscopy (HPM) method is developed to quantitatively obtain the phase distribution. Owing to its single-shot nature and details detection ability, HPM can be used to investigate rapid phenomena that take place in transparent structures such as biological cells. Moreover, the slightly-offaxis interferometry owns higher effective bandwidth and more sensitivity than traditional off-axis interferometry. The proposed method takes advantages of the above techniques to obtain the phase image of the red blood cells and compared with the traditional off-axis interferometry and phase retrieval algorithm based on the FFT. The experimental results show that the proposed method owns fine spatial details and real-time imaging ability. We are sure that the proposed method provides a breakthrough for real-time observing and quantitative analyzing of cells in vivo.
Introduction
Most biological cells, including red blood cells and HeLa cells, are nearly transparent under visible-light illumination and behave essentially as phase objects. Thus, the phase distribution offers the inner structure and dynamics information in the cells in a completely noninvasive manner [1] . Usually, several well-known microscopy techniques have been performed over the past years, such as the phase contrast and differential interference contrast microscopy [2] . However, these general phase microscopy techniques do not yield quantitative phase distribution.
To quantitatively obtain the phase image of the biological cells, the interferometric phase microscopy has been proposed and used in medicine and biology to observe the inner structure of the biological cells [3] [4] [5] [6] [7] . The interferometric phase microscopy could provide the quantitative phase images associated with the optical path delays. The optical path delay relates to the cell profile and the refractive index distribution, which can reflect the inner structure and profile of the cells. As a result, the interferometric phase microscopy can make the cellular morphology quantization under real-time condition, and thus can be an important tool for medical diagnostics and cell biology studies [8] .
For interferometric phase microscopy, two conventional interferometric methods are presented in the literature: on-axis interferometry [9] and off-axis interferometry [10] . In the case of on-axis interferometry, at least three phase-shifted on-axis interferograms of the sample are required and then the sample phase information is separated through phase-shifting algorithm [11] . However, for dynamic processes, the sample may change between the acquisitions of the multiple frames. In addition, phase noise may increase due to the system fluctuations between the frames. Traditional off-axis interferometry can realize real-time phase imaging, because one can obtain the quantitative phase image from a single interferogram. In the off-axis interferometry, there has a large angle between the reference and sample beams to separate the desired and undesired waves which will lose the sensitivity of interference measurement [12] .
In this paper, a hybrid method called single-shot slightly-off-axis interferometry based HPM is demonstrated, which combines the advantages of slightly-off axis interferometry [13] , i.e. high effective bandwidth and HPM [14] , i.e. single-shot nature and details detection ability. The slightly-off-axis interferometry proposed in Ref. [13] . is an intermediate solution between the conventional on-axis interferometry and off-axis interferometry; it is a powerful tool for interferometric phase measurements of bio-samples with fine spatial details. Our research concerns the use of a single interferogram, in contrast to the two-step phase retrieval algorithms previously used in Ref. [13] , so the single-shot Hilbert transform (HT) is employed as the phase retrieval algorithm [14] . In addition, HT inherently allows for robust phase retrieval, which can ensure the accuracy of the phase image. Due to its single-shot nature, HPM acquisition time is limited only by the recording device and thus can be used to accurately quantify nanometer-level path-length shifts at the millisecond time scales or less, where many relevant biological phenomena develop [15] . To the best of our knowledge, the method proposed in this paper has not been suggested, as it is a hybrid instrument that combines the slightly-off-axis interferometry and HPM for quantitative phase microscopy of red blood cells.
Slightly-off-axis interferometry based Hilbert phase microscopy
For slightly-off-axis interferometry, detailed descriptions can be found in Ref. [13] . Briefly speaking, in the spatial frequency spectra of interferometry, two autocorrelation term (ACTs) are located around the origin, and two cross-correlation terms (CCTs), each located on a different side of the spatial frequency domain. But the exact positions of CCTs are decided by the fringe frequency due to the tilt angle between the sample and reference arms. As to the slightly-off-axis interferometry the CCTs should not crossover, but overlap of the ACTs is permitted. Thus, the slightly-off-axis interferometry owns more effective spectral bandwidth than that of off-axis interferometry. interferometer. The reference beam is slightly tilted with respect to the sample beam to create a uniform fringe structure. A pair of micro objectives (25× magnification, 0.4 numerical aperture) are used in the sample arm, thus the transmissive confocal system can be described as focusing light with one objective onto the focal plane, then reimaging by a second objective with same focal length [16] . To accomplish the high-speed imaging and collection, the CMOS camera (Mintron, MC1310) has an acquisition rate of 500 frames/s at the full resolution of 1000(H) 512(V) × pixels, with square pixels of 12 µm. For the experiments, the f-number of the imaging system is 5.8 and the fringe frequency is set to 17 cycles/mm which meets slightly-off-axis interferometry's demand, depending on the experiment set. According to the HPM theory, only one interferogram I is acquired to extract the quantitative phase image. The intensity of the interferogram can be expressed as follows:
where R I and S I are the reference and sample irradiance distributions, respectively, q is the fringe frequency, and φ is the spatially-varying phase associated with the measured sample.
The interferogram is Fourier transformed, spatially high-pass filtered to isolate the sinusoidal term ( ) 2 cos[ ( )] R S u x I I qx x φ = + and eliminate the background components, and then the single-shot Hilbert transform of the filtered signal is performed to yield the wrapped phase as follows:
where HT denotes a Hilbert transform. Note that z exhibits rapid phase modulation with frequency q, and thus Φ is strongly wrapped. Finally, the phase associated with the object is unwrapped by ( ) ( ) x x qx φ = Φ − [13, 14] .
To illustrate the advantages of the proposed method, we theoretically analyze the spatial frequency spectra of traditional off-axis and slightly-off-axis interferometry following the example in Ref. [13] . Results show that the traditional off-axis interferometry requires spatial frequency spectral bandwidth at least twice as large as that of the slightly-off-axis interferometry. In other words, the slightly-off-axis interferometry improves the effective bandwidth ratio and makes the best use of bandwidth.
With respect to the phase retrieval algorithm, the traditional method, fast Fourier transform (FFT), needs high carrier frequency. The interferogram is Fourier transformed, spatially filtered to select either positive or negative first order spectrum, and then the inverse Fourier transform of the filtered signal is performed to yield the wrapped phase. The first advantage of the HT to FFT lies in it keeps more high frequency components, that is, more details of bio-sample are restored, including the edge of cells. The second advantage is that the phase retrieval based on FFT is unstable at the high frequency when there exists small errors. However, the phase retrieval based on the HT can robustly calculate the phase distribution. It can quantitatively obtain the phase distribution, even if there are small errors in the interferogram [17] . The third advantage is that the Hilbert transform has higher ability of noise immunity [18] . Most of the other methods may recognize the locations of the noise as the edges. In contrast, when using the HT for edges detection, the noise will be seldom recognized as the edges.
Experimental results

Sample preparation
Mature red blood cells represent a very particular type of structure; they lack nuclei and organelles and thus can be modeled as optically homogeneous objects [14] , which significantly simplifies mathematical modeling of quantitative phase images [15] . To demonstrate the instrument's capabilities for cell imaging, rabbit red blood cells were used as the samples, which have a flat, biconcave disc-like shape with a diameter of about 7 8 m µ − [19] . The cells were cultured in the 0.9% (mass fraction) NaCl solution. An aliquot of this suspension was placed between a slide and cover slip for microscopic analysis.
Measurements
With the same optical elements, two experimental measurements are executed to capture the interferograms of red blood cells: the traditional off-axis interferometry and the slightly-offaxis interferometry. The first set of experiment, the off-axis case, the fringe frequency should (C) 2011 OSAhigh enough to separate the ACTs and CCTs, and the best spatial resolution can be achieved when the fringe frequency on the camera is set to the maximum fringe frequency. The second set of experiment, the slightly off-axis case, the angle between the sample arm and the reference arm is adjusted to meet slightly-off-axis geometry's demand and then the interferogram is captured. Figure 2 presents the off-axis interferogram and slightly-off-axis interferogram, respectively.
Data analysis
To the same interferogram, two phase retrieval methods are adopted: FFT and HT. So, four methods are used to obtain the phase distribution of the red blood cell, relatively. They are traditional off-axis interferometry using phase retrieval based on FFT (method 1), traditional off-axis interferometry using phase retrieval based on HT (method 2), slightly-off-axis interferometry using phase retrieval based on FFT (method 3), and slightly-off-axis interferometry using phase retrieval based on HT (method 4). It's noted that the first two methods process the same interferogram; the same with the last two methods. Four methods compose a group. We operate ten groups of experiments and randomly select three groups Figs. 5 (a-c) and is more similar to the real image of the red blood cells, which has a biconcave discoid shape (flattened and depressed in the center) with a dumbbell-shaped cross section and a torus-shaped rim on the edge of the disk [20] . In particular, as one can be seen from Fig. 5(l) , the min-max phase difference is about 2.5 rad, which is in agreement with Ref. [21] . Surface area/ perimeter: The surface area and perimeter of individual red blood cell are evaluated from the phase images and the corresponding results are shown in Table1 [22] .
Form factor: It provides a measure of how spherical a cell is, which is calculated as the ratio of the area and the square of the perimeter of the contour [23] :
A perfect circle has a value for this feature of 1.0, whereas the greater the departure from a perfect circle, the lower the value. From the data presented in Table1, we conclude that the form factors of the phase distribution based on the slightly-off-axis interferometry are higher than the off-axis interferometry, and more close to the value 0.878 founded by other method [24] . Fig. 6 . The size of phase images is 40 40 × pixels in total. As illustrated in Fig. 6 , the distribution of these histograms are clearly bimodal, with the first and second peaks relating to the phase shifts of the NaCl solution and cell, respectively. A red dashed line is plotted as a cut line. The average value of the phase associated with the red blood cell is much higher than that of the NaCl solution, which attests that interferometric phase microscopy is indeed sensitive to membrane motions. The data of the second peak on behalf of phase shifts caused by the sample are useful when we analyze the features of biosample. So, the cell-to-solution phase value quantity ratio is calculated as Table 2 shows. It's obvious that in the slightly-off-axis geometry more phase information about the cells is retained, because the slightly-off-axis geometry makes full use of the bandwidth.
Furthermore, several important statistical parameters about individual cell can be obtained directly from the histogram (right part of the red dashed line). The standard deviation of phase distribution in the inner of the cell denoted by N S can be defined as follows:
where i φ is the phase value of the red blood cell corresponding to each image pixel, φ is the average phase-shift value caused by a single red blood cell, and N is the total number of image pixels. Four results of N S corresponding to the four histograms are presented in Table 2 . A higher value of N S represents more fluctuations in the inner of the cell. That is to say, more particulars of the red blood cell itself are reserved. The reason why method 2/4 owns a higher value of N S than that of method 1/3 is that a high-pass filtering is applied in HT and background components are eliminated while in FFT only first order spectrum is allowed and high-frequency components are lost. In addition, the second phase peak in Fig. 6 (d) has a symmetrical shape which matches the previous literature [25] .
Discussion
The reasons why the slightly-off-axis interferometry performs better are that by applying the traditional off-axis interferometry, high spatial frequencies in the sample field are lost and some noise caused by the experiment cannot be filtered, while slightly-off-axis interferometry method makes full use of the bandwidth and the phase images can better reflect the structure and profile of the red blood cells. Moreover, the Hilbert transform can robustly calculate the phase in the presence of the error in the interferogram. The exact phase distributions can be easily calculated by digitally fitting the background fringes to sine waves, and the temporal phase-shift errors can be avoided. As a result, the single-shot slightly-off-axis interferometry based HPM is better than other methods in sensitivity and effective bandwidth.
Conclusion
A single-shot slightly-off-axis interferometry based HPM is developed to obtain the phase image of the biological cells. The method only needs one slightly-off-axis interferogram to extract the phase distribution with no offline measurements and approximations of the sample or the reference fields required. The proposed method is compared with the traditional offaxis interferometry and the phase retrieval method based on the FFT by the experiments. The results show that the proposed method owns high effective bandwidth, fine spatial details and real-time imaging ability. We believe that the proposed method should be a powerful tool for quantitative phase measurements of dynamic processes, especially for observing live biological cell dynamics.
